All DNA sequences files are available from the Genbank database (accession numbers KP167484-KP167579).

Introduction {#sec001}
============

Past geological events and climatic oscillations have played important roles in forming the contemporary genetic diversity and population structure of animals across the globe \[[@pone.0138757.ref001]--[@pone.0138757.ref003]\]. The relative roles played by geography and climate in driving genetic patterns, have important implications for speciation and diversification \[[@pone.0138757.ref001]\]. Southern China, an area containing a mosaic of mountains such as Nanling, Wuyi, Huangshan and Tianmu Mts., harbours high levels of species diversity \[[@pone.0138757.ref004]--[@pone.0138757.ref006]\]. Previous studies on other co-distributed anurans demonstrated that the coastal mountains were one of the causes of lineage divergence \[[@pone.0138757.ref007]--[@pone.0138757.ref009]\]. The orogenesis of the mountains in southeastern China may have driven the formation of lineage divergence of *O*. *schmackeri*, a mid-to-low altitude range frog species.

Uplifting of the Qinghai-Tibet Plateau (QTP) rearranged the drainage systems and these geological events may have influenced the geographic patterns and genetic structure of species \[[@pone.0138757.ref010]\]. During the Pliocene, the upper reaches of the Yangtze River formed a tributary of the paleo-Red River flowing southwards into the South China Sea \[[@pone.0138757.ref011]\] and was kept isolated from the middle drainage system at the Three Gorges. Subsequently, in the late Pliocene and early Pleistocene, the rapid uplifts of the eastern QTP rearranged the drainage systems of the Yangtze River and contributed to the connection of the watercourses at the Three Gorges \[[@pone.0138757.ref012],[@pone.0138757.ref013]\]. Moreover, the accelerating uplift had a decisive effect on the formation and strengthening of the East-Asia monsoon \[[@pone.0138757.ref012],[@pone.0138757.ref014]\]. Both drainage evolution and climate have profoundly influenced the genetic diversity and demographic history of organisms in this region \[[@pone.0138757.ref005],[@pone.0138757.ref015],[@pone.0138757.ref016]\]. Thus, the drainage rearrangement of the Yangtze River may have been one among the important driving forces for the determination of the current genetic structure of the *O*. *schmackeri* species complex.

Global cyclical cooling-warming events during the Quaternary have resulted in periodic expansions and contractions of population size and distribution range of species \[[@pone.0138757.ref017]\]. For example, during Pleistocene glaciations, Northwest Europe and the most northern regions in North America were covered with ice sheets \[[@pone.0138757.ref001],[@pone.0138757.ref002]\]. Consequently, in Europe and America, species retreated to southern refugia during glacial episodes and then expanded northward again during interglacial periods \[[@pone.0138757.ref018]--[@pone.0138757.ref023]\]. In contrast, the glacial advance in East Asia was not as extensive as in Europe and North America, and southern China experienced a relatively mild Pleistocene climate \[[@pone.0138757.ref024]\]. Thus, climatic cycling might not have led to population shrinkages in southern China \[[@pone.0138757.ref007],[@pone.0138757.ref008],[@pone.0138757.ref025],[@pone.0138757.ref026]\].

China is known to have hosted many important global Pleistocene refugia for lineages that evolved prior to the late Tertiary and Quaternary glaciations \[[@pone.0138757.ref027]\]. Most of previous phylogeographic studies elucidating the complex role of past climate change and geology on geographical distribution range and demographic history, mainly focused on taxa from QTP and adjacent mountain ranges \[[@pone.0138757.ref028]--[@pone.0138757.ref035]\], from Yungui Plateau \[[@pone.0138757.ref036]--[@pone.0138757.ref039]\], and from Qinling-Daba Moutains region \[[@pone.0138757.ref040],[@pone.0138757.ref041]\]. Recent studies on herpetological, avian and mammal phylogeography evaluated the effects of Pleistocene climatic changes and geological accidents on diversification of populations in southern China \[[@pone.0138757.ref007]--[@pone.0138757.ref010],[@pone.0138757.ref025],[@pone.0138757.ref026],[@pone.0138757.ref042]--[@pone.0138757.ref047]\]. To our knowledge, there is no record on other vertebrates' phylogeographic studies in this region. The scarcity of data limits our understanding of spatial distribution, lineage sorting, and historical demography associated with Pleistocene climatic oscillations and geological events in southern China.

The Chinese piebald odorous frog (*Odorrana schmackeri*), belonging to the Ranidae family, is widely distributed and occurs in southern and south-central China \[[@pone.0138757.ref048],[@pone.0138757.ref049]\]. *O*. *schmackeri* is characterized by clearly visible brown or black round spots on the head and back. It is a sexually dimorphic species, with males and females measuring about 44mm and 80mm respectively, in snout-vent length. The species is higly adapted to mountain environments, inhabiting the moist evergreen broad-leaf forests at 200-1400m altitude \[[@pone.0138757.ref048]\]. Its wide distribution and strict habitat requirements make it an excellent model to study the effects of the past geological events and climatic cycles on the genetic structure and demographic history in this region. Owing to its wide distribution area, *O*. *schmackeri* is variable in body size, skin color and some other morphological traits. In recent years, new cryptic species have been discovered and named: *O*. *yizhangensis* occurs in Mangshan of Yizhang County, Hunan Province, at 1000--1200 m altitude, and in Nanling of Ruyuan county, Guangdong Province, at 900--1100 m elevation; *O*. *huanggangensis* occurs in Wuyi Mts., Fujian and eastern Jiangxi provinces, at 200--800 m elevation; *O*. *tianmuii* occurs in Tianmu Mts., northern Zhejiang, at 200--800 m \[[@pone.0138757.ref049]\]. In order to test whether the recently recognized species represent distinct evolutionary lineages, we included their populations in this study and call them collectively the *O*. *schmackeri* species complex.

The present study investigated the phylogeography of *O*. *schmackeri*species complex based on samples collected from almost the entire distribution range of *O*. *schmackeri*, *O*. *yizhangensis*, *O*. *huanggangensis* and *O*. *tianmuii*, using mtDNA sequence of 1,151bp. We examined the following three hypotheses: (1) the orogenesis of the mountains in southeastern China drove the formation of lineage divergence of *O*. *schmackeri* species complex; (2) the drainage rearrangement of the Yangtze River was important driving force to shape the current genetic structure of *O*. *schmackeri* species complex; (3) lineages experienced recent population expansion prior to LGM.

Materials and Methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

The capture, measurement, toe clip, and release procedures of the 511 Chinese piebald odorous frogs were approved by the Chinese Wildlife Management Authority which had the right to consent to such investigation work. At the same time, this study was approved by the Ethics Committee of Anhui Normal University and conducted following the Law of People's Republic of China on the Protection of Wildlife. A part of the sampling was carried out in protected areas and approved by the Wildlife Management Stations of Daiyunshan National Nature Reserve, Nanling National Nature Reserve and Guniujiang National Nature Reserve. The most of sampling was conducted outside protected areas whithout any requirements for specific permission. According to the regulation for the Collection of Genetic Resources (HJ 628--2011), all frogs were captured by hand, then measured for morphometric characters. Toe-clip tissues (up to 1 cm length) were collected and preserved in 95% ethanol immediately after removal; live frogs were subsequently released at the capture point after treating wounds with antiseptic.

Sampling of specimens {#sec004}
---------------------

We analyzed a total of 511 individuals from 25 localities covering most of the distribution range of *O*. *schmackeri* species complex ([S1 Table](#pone.0138757.s001){ref-type="supplementary-material"}; [Fig 1](#pone.0138757.g001){ref-type="fig"}). Six individuals of *O*. *margaratae* from Shennongjia Mts. (SNJ) and one individual of *O*. *graminea* from Huangshan Mts. (HS) were used as outgroups based on the results of Chen et al. \[[@pone.0138757.ref050]\].

![The geographic distribution of *O*. *schmackeri* species complex sampled in this study.\
Localities are detailed in [S1 Table](#pone.0138757.s001){ref-type="supplementary-material"}. Populations are presented as pie-diagrams with slice-size proportional to the frequency of the major lineages. Colors of pie-diagrams correspond to the lineages in Figs [2](#pone.0138757.g002){ref-type="fig"} and [3](#pone.0138757.g003){ref-type="fig"}.](pone.0138757.g001){#pone.0138757.g001}

DNA extraction, PCR amplification and sequencing {#sec005}
------------------------------------------------

Tissue samples were digested using proteinase K, and total DNA was subsequently extracted following the standard phenol/chloroform method \[[@pone.0138757.ref051]\]. A 1151 base pairs (bp) fragment of mitochondrial DNA containing the complete mitochondrial NADH dehydrogenase subunit 2 (ND2) gene and two flanking transfer RNA (tRNA) genes was amplified with the primer pair Ile-LND2 (5'-ATAGGGAGACTTATAGGGGTTC-3') and Asn-HND2 (5'-CTAAGTCATTACGGGATCGAGGCC-3') designed according to the complete mitochondrial genome of *O*. *schmackeri* from Li et al. \[[@pone.0138757.ref052]\] (GenBank accession no. KJ149452). The 30μl PCR reaction volume contained 10×reaction Buffer 3μl, 25mmol/L MgCl~2~ 2μl, 2mmol/L dNTPs 2μl, 10μmol/L each primer 1μl, 1 unit of Taq DNA polymerase (TaKaRa Biotechnology (Dalian) Co., Ltd., Dalian, China), and 20--60 ng template DNA. PCR procedure consisted of an initial denaturation at 94°C for 5 min, then 32 cycles with 94°C for 40 s, 60°C for 40 s and 72°C for 50 s, followed by a final extension at 72°C for 10 min. The PCR products were separated by electrophoresis in 1.5% agarose gels, then were purified by DNA Gel Extraction Kit (V-gene, Hangzhou, China) with ABI 3730 (Shanghai Sangon Biotechnology Co., Ltd., Shanghai, China). The DNA products were purified, and then sequenced in both directions on an ABI3730 with an ABI PRISM BigDye terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Biosystems).

Sequences alignment and phylogenetic analyses {#sec006}
---------------------------------------------

Sequences were edited and aligned manually using BIOEDIT version 7.0.9.0 \[[@pone.0138757.ref053]\], and the protein coding region ND2 was translated into amino acids for confirmation of alignment.

Haplotypes for ND2+tRNA sequences were identified using the program DnaSP 5.10 \[[@pone.0138757.ref054]\]. Bayesian inference (BI) analysis was employed to construct the phylogeny. Log-likelihood scores were obtained using PAUP\* 4.0b10 \[[@pone.0138757.ref055]\] and used to conduct the testing of evolution models by Akaike information criterion (AIC) in the MODELTEST 3.7 \[[@pone.0138757.ref056]\]. The Bayesian analysis was performed with MrBayes 3.2 \[[@pone.0138757.ref057]\] based on the best-fit substitution model (GTR+I+G). Four independent runs were performed for 10 million generations and trees were sampled every 1,000th generation resulting 10,000 trees. The stationarity of the likelihood scores of sampled trees was determined in Tracer 1.6 \[[@pone.0138757.ref058]\]. The first 25% were discarded as burn-in, and the remaining trees were used to estimate Bayesian posterior probabilities.

Divergence time estimation {#sec007}
--------------------------

To estimate divergence time, we used an uncorrelated lognormal relaxed molecular clock model as implemented in BEAST v1.75 \[[@pone.0138757.ref059]\] based only on the entire ND2 sequences. We were only interested in the divergence times of the major clades, therefore, we simplified the data set for the BEAST analysis. Most similar haplotypes of *O*. *schmackeri* species complex were excluded, and only twenty haplotypes represented the major lineages were included. Thirteen additional taxa were introduced to provide useful calibration points: *O*. *graminea* (KP167578), *O*. *margaratae* (KP167579), *O*. *ishikawae* (AB511282), *Rana dybowskii* (KF898355), *R*. *chensinensis* (KF898356), *R*. *temporaria* (AF314018), *R*. *boylii* (AF314019), *R*. *sylvatica* (AF314017), *Pelophylax plancyi* (EF196679), *P*. *nigromaculata* (AB043889), *P*. *cretensis* (GU812136), *P*. *bedriagae* (GU812075), *P*. *lessonae* (JN627426).

Divergence age estimates were established in this study for *Pelophylax cretensis* and *Pelophylax bedriagae* (log-normal distribution with youngest of 5 Ma and standard deviation \[SD\] of 0.159) based on geological data (5--5.5 Ma) \[[@pone.0138757.ref060]\]. Divergence between *Rana sylvatica* and *Rana boylii* (31.2 Ma, 8.1SD) was estimated based on a multiple gene/calibration analysis \[[@pone.0138757.ref061]\].

We applied a GTR+I+G model of evolution based on MODELTEST 3.7, and a Yule process for speciation. Three independent MCMC runs were conducted for 10 million generations, each with a burn-in of 1 million generations, and sampled every 1,000 generations. These three runs were then combined in Tracer 1.6 to determine burn-in and convergence of the chains.

Population genetic analysis {#sec008}
---------------------------

We calculated the number of haplotypes (*h*), haplotype diversity (*Hd*) and nucleotide diversity (*π*) for both overall and each population using the program DnaSP 5.10. To investigate the level of genetic variation between populations, analyses of molecular variance (AMOVA) \[[@pone.0138757.ref062]\] were performed with 1,000 permutations in ARLEQUIN 3.5 \[[@pone.0138757.ref063]\]. We also calculated pairwise *F* ~*ST*~ values among all the geographical populations using ARLEQUIN 3.5. Divergence between the matrilines was estimated by Kimura's two-parameter (K2P) model \[[@pone.0138757.ref064]\] as implemented in MEGA 6 \[[@pone.0138757.ref065]\].

To examine the hypothesis of isolation by distance (IBD), the correlation between pairwise genetic (*F* ~*ST*~ values) and geographical distance was tested and the significance level was estimated using Mantel permutation procedures in TFPGA 1.3 \[[@pone.0138757.ref066]\].

A haplotype network was constructed using TCS 1.21 \[[@pone.0138757.ref067]\] with a 95% connection limit followed. Loops in the resulting network were resolved following the criteria summarized by Pfenninger & Posada \[[@pone.0138757.ref068]\]. The network was nested by hand, following the rules outlined in Templeton et al. \[[@pone.0138757.ref069]--[@pone.0138757.ref071]\].

Population demographic history {#sec009}
------------------------------

Tajima's *D* \[[@pone.0138757.ref072]\] and Fu's *Fs* \[[@pone.0138757.ref073]\] statistics were calculated and used to infer historic population expansion in DnaSP 5.10 with 10,000 bootstrap simulations. Mismatch distributions were used to detect population expansion \[[@pone.0138757.ref074]\] by using ARLEQUIN 3.5. The sum of square deviations (SSD) and raggedness index (RI) between the observed and the expected mismatch were used as a test statistic under a null hypothesis of a sudden population expansion. *P*-values were calculated as the probability of simulations producing a greater value than the observed value with 1000 bootstrap replicates.

If the sudden expansion model was not rejected, the time of population expansions (*t*, time in generations) was estimated using the formula *τ* = 2*ut* \[[@pone.0138757.ref074]\], where *τ* was the mode of mismatch distribution, and *u* was the mutation rate per generation for the entire sequence under study. The value of *u* was calculated using the equation *u* = *μk*, where μ was the mutation rate per nucleotide per generation and k was the number of nucleotides assayed.

Results {#sec010}
=======

Authenticity of mitochondrial DNA {#sec011}
---------------------------------

The fragment examined included three segments: the complete mitochondrial NADH dehydrogenase subunit 2 (ND2) gene and the flanking transfer RNA (tRNA) genes tRNA-Met (partial), and tRNA-Trp (entire) (hereafter referred to as ND2+tRNA).

All of ND2 sequences (complete length 1,032bp or 1,035bp) successfully translated to amino acids without premature stop codons, and the complete tRNA-Trp had stable secondary structures, indicating that the sequences were obtained from functional genes. Moreover, light strand sequences showed an expected bias against guanine (G = 10.8%, A = 30.2%, T = 28.8%, and C = 30.2%). These data indicated that only the mitochondrial genes were sequenced.

Phylogenetic reconstruction {#sec012}
---------------------------

Of the entire 1,151 base pairs (bp) of aligned ingroup nucleotides, 359 sites were variable and 348 sites were parsimony informative. There were 3 sites with alignment gaps or missing data. We identified 94 unique haplotypes among 511 *O*. *schmackeri* species complex ND2+tRNA sequences ([S2 Table](#pone.0138757.s002){ref-type="supplementary-material"}). The sequences were deposited in GenBank under accession numbers (KP167484-KP167577).

BI tree revealed that *O*. *schmackeri* species complex was composed of seven geographically structured clades (clades A, B, C, D, E, F and G in [Fig 2](#pone.0138757.g002){ref-type="fig"}). Clade A was characterized by having the largest number of haplotypes (46), occupying a large distribution region in South China, and forming a southern group. Also Clade B had a broad distribution, ranging from Anhui Prov. to Zhejiang Prov. in East China, and formed a separated eastern group. Clade C consisted of fifteen haplotypes from Gaojiayan and Hupingshan Mts. and two haplotypes from Shennongjia and Funiushan Mts., and formed a central group. Clade D was composed of two populations from Lushan and Wugongshan Mts. Clade E (hereafter termed the southwestern group) only contained samples from a narrow region of the northwestern Guizhou. Three Funiushan Mts. (FNS) haplotypes and one Shennongjia Mts. (SNJ) haplotype formed Clade F and Clade G, respectively.

![The Bayesian phylogenetic tree of *O*. *schmackeri* species complex based on the ND2+tRNA sequences.\
Numbers above branches represent Bayesian posterior probability (PP). The estimated divergence times with a 95% HPD between the major clades are given in rectangular boxes.](pone.0138757.g002){#pone.0138757.g002}

Clade A was associated with the Pearl and Min Rivers. Clade B was distributed mainly in the basin of the Qiantang River, with some individuals occurring in the Yangtze River. Finally, the other five clades (Clades C-G) were broadly distributed in the middle and down tributaries of the Yangtze River.

Genetic diversity and structure {#sec013}
-------------------------------

Only thirteen out of 94 haplotypes (13.83%) generated by 511 *O*. *schmackeri* species complex ND2+tRNA sequences were shared among different sampling sites from same regional group. Eighty-one (86.17%) were unique haplotypes which were restricted to a single sampling locality and we found no shared haplotype among different regional groups ([S2 Table](#pone.0138757.s002){ref-type="supplementary-material"}).

Hierachical analyses of molecular variance (AMOVA) revealed significant values (P \< 0.001) of among-group variance (*F* ~*CT*~) when numbers of population groups were assumed to be 3, 5 or 7. The seven groups (A-G) were recognized as the most parsimonious geographic subdivisions because the grouping resulted in the highest values of among-group variance (*F* ~*CT*~ = 0.98429, P \< 0.001) ([Table 1](#pone.0138757.t001){ref-type="table"}; Figs [1](#pone.0138757.g001){ref-type="fig"} and [2](#pone.0138757.g002){ref-type="fig"}).

10.1371/journal.pone.0138757.t001

###### Analysis of molecular variance (AMOVA) among ND2+tRNA sequences of O. schmackeri species complex.

![](pone.0138757.t001){#pone.0138757.t001g}

  Source of variation               Variance   \% Total   Fixation indices       *P* value
  --------------------------------- ---------- ---------- ---------------------- -----------
  Among groups                      74.45503   98.43      *F* ~*CT*~ = 0.98429   \<0.0001
  Among populations within groups   0.76201    1.01       *F* ~*SC*~ = 0.64107   \<0.0001
  Within populations                0.42664    0.56       *F* ~*ST*~ = 0.99436   \<0.0001

Diversity indices, *Hd* and *π*, are summarized in [S1 Table](#pone.0138757.s001){ref-type="supplementary-material"} and [Table 2](#pone.0138757.t002){ref-type="table"}. Among all individuals, both haplotype diversity (*Hd* = 0.945 ± 0.004) and nucleotide diversity (*π* = 0.10087 ± 0.00882) showed high values ([S1 Table](#pone.0138757.s001){ref-type="supplementary-material"}). Variation of haplotype diversity among populations was considerable, ranging from 0 to 0.883 ± 0.061 ([S1 Table](#pone.0138757.s001){ref-type="supplementary-material"}). Similarly, the values of nucleotide diversity ranged from 0 to 0.07740 ± 0.02104.

10.1371/journal.pone.0138757.t002

###### Summary statistics observed in major lineages of *O*. *schmackeri* species complex.

![](pone.0138757.t002){#pone.0138757.t002g}

  Lineage   *N*   *h* /*Hd*   *π*       Tajima's *D*                                      Fu's *Fs*                                        SSD [\*](#t002fn001){ref-type="table-fn"} (*P* ~SSD~)   Raggedness index (*P* ~Rag~)   *tau* [\*](#t002fn001){ref-type="table-fn"}   Expansion time (Ma)
  --------- ----- ----------- --------- ------------------------------------------------- ------------------------------------------------ ------------------------------------------------------- ------------------------------ --------------------------------------------- ---------------------
  A         199   46/0.888    0.00215   -2.28730[\*\*](#t002fn002){ref-type="table-fn"}   -80.486[\*\*](#t002fn002){ref-type="table-fn"}   0.00505 (0.16)                                          0.03567 (0.37)                 2.695                                         0.245
  B         111   21/0.618    0.00256   -0.76300                                          -19.261[\*\*](#t002fn002){ref-type="table-fn"}   0.04109 (0.50)                                          0.05099 (0.77)                 9.555                                         \-
  C         71    17/0.644    0.00099   -2.20992[\*\*](#t002fn002){ref-type="table-fn"}   -22.841[\*\*](#t002fn002){ref-type="table-fn"}   0.07493[\*\*](#t002fn002){ref-type="table-fn"} (0.00)   0.04332 (1.00)                 0.516                                         0.045
  D         33    3/0.273     0.00073   \-                                                \-                                               0.09883 (0.03)                                          0.66965 (0.49)                 3.000                                         \-
  E         57    3/0.070     0.00006   \-                                                \-                                               0.00003 (0.25)                                          0.74690 (0.76)                 3.000                                         \-
  F         6     3/0.733     0.00122   \-                                                \-                                               0.03396 (0.53)                                          0.13333 (0.76)                 2.037                                         \-

\* SSD sum of squared deviation, *tau* expansion parameter

\*\* *P*\<0.01

As for genetic diversity among lineages, because of the small number of populations and the few haplotypes found in the lineages D-G, analyses of genetic diversity focused only on lineages A, B and C, which were represented by 46, 21 and 17 haplotypes, respectively. Lineage A had high haplotype diversity and relatively low nucleotide diversity, while Lineage B possessed lowest haplotype diversity and relatively high nucleotide diversity. Given the relatively small numbers of the sample size and the sampling site, Lineage C possessed lower haplotype diversity and extremely low nucleotide diversity ([Table 2](#pone.0138757.t002){ref-type="table"}). Genetic divergence ranged from 3.4% to 21.1% between lineages A-G ([Table 3](#pone.0138757.t003){ref-type="table"}).

10.1371/journal.pone.0138757.t003

###### Mean genetic distances among different lineages of *O*. *schmackeri* species complex based on the Kimura 2-parameter model (lower-left), standard error (upper-right) estimated by bootstrap method (replication = 1000).

![](pone.0138757.t003){#pone.0138757.t003g}

  Lineage   A       B       C       D       E       F       G
  --------- ------- ------- ------- ------- ------- ------- -------
  A                 0.008   0.014   0.014   0.013   0.014   0.014
  B         0.079           0.015   0.016   0.015   0.015   0.016
  C         0.175   0.204           0.005   0.009   0.013   0.013
  D         0.176   0.206   0.034           0.008   0.014   0.013
  E         0.174   0.201   0.078   0.078           0.012   0.013
  F         0.175   0.196   0.164   0.164   0.157           0.010
  G         0.188   0.211   0.150   0.156   0.155   0.103   

A Mantel test revealed that the correlation between genetic distance (*F* ~*ST*~) and geographical distance was not significant (*r* = 0.4888, *P* = 0.9990), indicating that the genetic differentiation within *O*. *schmackeri* species complex did not fit the IBD model.

Divergence dates {#sec014}
----------------

The estimated divergence times between the major lineages were mapped on the BI tree ([Fig 2](#pone.0138757.g002){ref-type="fig"}). The estimated TMRCA of the entire ingroup was 9.10 Ma (Late Miocene) with a 95% HPD of (5.51, 12.70). The estimated divergence times among lineages were from Late Miocene to Early Pleistocene. The earliest split within *O*. *schmackeri* species complex was estimated at 6.97 Ma (95% HPD, 4.18--9.69 Ma) during Late Miocene to Early pliocene. The divergence time between Lineage A and Lineage B was estimated to be 2.21 Ma (95% HPD, 1.03--3.33 Ma) and lineages C-G diverged from 1.02 to 5.92 Ma (95% HPD, 0.41--1.98 to 3.40--8.33 Ma).

Haplotype network {#sec015}
-----------------

The statistical parsimony network was constructed for O. schmackeri species complex with haplotypes connected by six or less mutational steps at a 95% confidence level. The rule resulted in six separate networks, corresponding to the six clades A-F in the BI tree, as well as one separate single haplotype (SH-SNJ1) which was concordant with the clade G ([Fig 3](#pone.0138757.g003){ref-type="fig"}). In cladogram 4--1 (Lineage A), 46 haplotypes formed two typical star-shape subnetworks connected by a missing haplotype. Two haplotypes (SH-S1 and SH-S2) occupied central positions, from which many other relative haplotypes could have originated through one or two steps of mutation. Except for the five shared haplotypes (SH-S1-S5), most haplotypes were observed in only a single location, indicating highly genetic differentiation among geographical populations. The nested design revealed 14 first-level clades, six-second-level clades, two-third-level clades and the total cladogram.

![Haplotype networks and nested clade design for *O*. *schmackeri* species complex.\
Colours represent different lineages. The haplotype codes correspond to [S2 Table](#pone.0138757.s002){ref-type="supplementary-material"}. Unsampled haplotypes were represented by small closed circles.](pone.0138757.g003){#pone.0138757.g003}

In cladogram 3--3 (Lineage B), 21 haplotypes connected in the network formed a more diffuse structure, containing 7-one-step clades, 2-two-clades and the total cladogram. Two haplotypes (SH-E1 and SH- E3) showed a widely geographical distribution in East China.

In cladogram 2--9 (Lineage C), 17 haplotypes generated a typical star-shape network, and a shared haplotype (SH-C1), located in the central position, was implied to be the ancestral haplotype.

Demographic history {#sec016}
-------------------

Unimodal distribution, indicative of demographic expansion, was observed for both lineages A and C ([Fig 4](#pone.0138757.g004){ref-type="fig"}), and raggedness indices suggested that the observed distributions did not significantly differ from the distributions expected under a model of sudden population expansion (*P* \> 0.05, [Table 2](#pone.0138757.t002){ref-type="table"}). In neutrality tests, the lineages A and C showed significantly negative values for Fu\'s *Fs* and Tajima's *D* statistics (*P* \< 0.01), also indicating that the lineages A and C had undergone a sudden demographic expansion. Based on the estimated mean rate of 0.957% \[[@pone.0138757.ref075]\] substitutions per site per million years, we estimated the demographic expansion time of lineages A, C to have occurred c. 0.245 and 0.045 Ma, respectively ([Table 2](#pone.0138757.t002){ref-type="table"}).

![Mismatch distributions for six major lineages of *O*. *schmackeri* species complex.\
The dotted and thin lines represent the observed and expected mismatch distributions of a stationary population, respectively.](pone.0138757.g004){#pone.0138757.g004}

Discussion {#sec017}
==========

Lineage divergence {#sec018}
------------------

All analyses unambiguously showed that *O*. *schmackeri* species complex was genetically structured. About 86% of the total haplotypes occurred just in one location. No haplotypes were shared among all the 25 populations of *O*. *schmackeri* species complex. The AMOVA analysis also revealed a high level of geographic structuring. Moreover, there was no unambiguous link among the six haplotype networks and the separate haplotype (SH-SNJ1). The results showed significant genetic differentiation among the species complex.

The results of this study showed seven main mitochondrial haplotype lineages (A-G) within *O*. *schmackeri* species complex, roughly corresponding to seven regional groups ([Fig 1](#pone.0138757.g001){ref-type="fig"}). The seven lineages presented 3.4% to 21.1% mtDNA difference. The high levels of differences reflect long-term isolation, which is likely associated with the complex geological history of southern China. The first divergence between lineage A+B, mainly occurring in the Pearl, Min and Qiantang Rivers and other lineages (C-G) occupying midstream and downstream tributaries of the Yangtze River was estimated during the late Miocene approximately at 6.97 Ma (95% HPD, 4.18--9.69 Ma). The coastal mountains of Southeast China, such as Naling, Wuyi, Huangshan and Tianmu Mts. seem to have acted as the boundary between lineage A+B and the remaining lineages. The orogenesis of the mountains in southeastern China was estimated to have begun in the Middle Jurassic \[[@pone.0138757.ref076]\], and during the Mio-Pliocene period the mountains were further uplifted to approximately 1000m, thus forming a natural barrier separating the lineages between the southeast Coastal range and Yangtze River basin \[[@pone.0138757.ref077]\]. The coastal mountains, such as Nanling, Wuyi, Huang and Tianmu Mts. have been previously speculated to be one of the causes of lineage divergence of other anurans \[[@pone.0138757.ref007]--[@pone.0138757.ref009]\]. Similar effects of mountains on population isolation and lineage divergence have also been reported in other vertebrates. In China, the existence of Qinling Mts. has been speculated to be one of the causes of lineage divergence of the ring-necked pheasant (*Phasianus colchicus*) \[[@pone.0138757.ref078]\] and an endemic Chinese gecko, *Gekko swinhonis* \[[@pone.0138757.ref079]\].

Drainage evolution have been revealed as an important driving force for shaping current geographic patterns of stream-associated amphibians \[[@pone.0138757.ref010],[@pone.0138757.ref035],[@pone.0138757.ref036]\]. Historically, the upper tributaries of Yangtze River flowed southwards into the paleo-Red River \[[@pone.0138757.ref011],[@pone.0138757.ref080]\], the middle reaches of Yangtze River were composed of inland rivers and lakes and lower Yangtze River flowed into the East China Sea \[[@pone.0138757.ref080]\]. During the Pliocene the upper Yangtze River drainage was isolated from the middle drainage system at the Three Gorges. The rapid uplifts of the eastern QTP rearranged the drainage systems of the Yangtze River and strengthened the East Asian summer monsoon during the late Pliocene and early Pleistocene at about 3.6±2.6Ma, when the Yangtze River shifted its drainage network and the upper and middle Yangtze River unified in the Three Gorges \[[@pone.0138757.ref012],[@pone.0138757.ref013]\]. The estimate time (1.02--5.92Ma) of divergences among the lineages C-G occurring in the midstream and downstream tributaries of the Yangtze River occurred approximately during this period. When summer monsoons underwent substantial intensification, precipitation increased due to strengthened circulation which caused the Yangtze River and its major tributaries to become wider and to increase their flow rates \[[@pone.0138757.ref014]\]. Therefore, the subsequent divergences between the lineages C-G occupying the midstream and downstream tributaries of the Yangtze River may have followed the formation of the Three Gorges and the strengthening of the East Asian summer monsoon. It is reasonable to assume that the Yangtze River and its major tributaries such as Gan, Xiang, Yuan, Wu and Han Rivers formed natural barriers separating the lineages occupying the Yangtze River basin. Similar effects of rivers on population isolation and lineage divergence have also been reported in other anurans \[[@pone.0138757.ref036],[@pone.0138757.ref040],[@pone.0138757.ref081]\].

Multiple glacial refugia {#sec019}
------------------------

Suitable habitats and relatively stable microclimates in refugia may permit species to persist for long periods of time and even to speciate. Unique genotypes and substantial genetic diversity often occur in these locations \[[@pone.0138757.ref002]\]. According to the coalescent theory, the most frequent and widespread haplotype which occupies a central position in the haplotypes network is expected to be ancestral haplotype \[[@pone.0138757.ref071]\]. The geographical distribution and genealogical divergences are consistent with the scenario of multiple refugia. We proposed that there have been five independent refugia during Pleistocene glaciations. Several recent studies supported the eastern monsoon region and the lower elevations of the southwestern plateau as glaciation refugia \[[@pone.0138757.ref025],[@pone.0138757.ref032],[@pone.0138757.ref044],[@pone.0138757.ref045]\]. In this study, the existence of seven mitochondrial lineages, with high haplotype and nucleotide diversity suggest five relict refugia for *O*. *schmackeri* species complex. Within lineage A, MS has substantial genetic diversity, a large number of private haplotypes, and the ancestral haplotype (SH-S2) is present, suggesting that the Nanling Mts. have serviced as a glacial refugium for this lineage. Similarly, Huangshan, Hupingshan, Wugongshan Mts. and northwestern Guizhou Plateau, might have represented the main refugia for lineage B, C, D, E, respectively.

Some refugia proposed by our study are corroborated by other case studies; for example, Hupingshan Mts. was considered as a refugium for the three sharp cedar *Cephalotaxus oliveri* \[[@pone.0138757.ref082]\], Huangshan Mts. was a refugium for the stout newts of genus *Pachytriton* \[[@pone.0138757.ref047]\], and Nanling Mts. was a refugium for the canopy tree *Eurycorymbus cavaleriei* \[[@pone.0138757.ref083]\]. More examples, as herein, are needed to support generalizations regarding the impacts of glacial oscillations on genetic and demographic legacies of species in southern China.

Demographic history {#sec020}
-------------------

The smooth and unimodal mismatch distributions, significantly negative Fu\'s *Fs* and Tajima's *D* and the patterns of genetic diversity reported here strongly supported the idea of recent expansion of the lineages A and C.

However, unlike temperate species in North America and Europe which commonly expanded in the post-Last Glacial Maximum (LGM) era \[[@pone.0138757.ref084],[@pone.0138757.ref085]\], the time since demographical expansion in the lineages A and C was estimated around 0.045--0.245 Ma, earlier than the LGM, and similar to the patterns observed for vertebrate species with wider distribution in East Asia that experienced population growth before the LGM \[[@pone.0138757.ref007],[@pone.0138757.ref008],[@pone.0138757.ref025],[@pone.0138757.ref026],[@pone.0138757.ref044],[@pone.0138757.ref078],[@pone.0138757.ref079]\]. This was likely due to the development of monsoons in East Asia and elevational reduction of eastern China since Mid-End Pleistocene \[[@pone.0138757.ref006],[@pone.0138757.ref024]\]. Previous paleoclimates observation based on pollen data and δ^18^ Ο value demonstrated that the most substantial glacial extension occurred during the Marine Isotope Stages 16--18 (MIS 16-MIS 18, 0.6--0.7 Ma) in China \[[@pone.0138757.ref086]\]. After that, environmental changes seem to be moderate in subsequent climate oscillations in eastern China, where populations were growing stably throughout the glaciations.

Secondary contact {#sec021}
-----------------

Secondary contact of previously isolated populations in North America and Europe were well established \[[@pone.0138757.ref002],[@pone.0138757.ref087]\]. In the present study, two divergent lineages were found to coexist at two localities ([Fig 1](#pone.0138757.g001){ref-type="fig"}). Haplotype SH-FNS3 representing four individuals from Funiushan Mts. (FNS) was nested into Lineage C, as well as two individuals of haplotype SH-SNJ24 from Shennongjia Mts. (SNJ) was resolved as a part of Lineage C, implying secondary contact after the initial divergence, caused by the expansion of Lineage C. Phylogenetic branching patterns have been used in studies on amphibians with limited dispersal capabilities to suggest location of origin of a population and dispersal direction \[[@pone.0138757.ref042]\]. In this study, a general trend of *O*. *schmackeri* populations in Lineage C dispersing northward to the two localities SNJ and FNS may be suggested by the phylogenetic tree.

Taxonomic implications {#sec022}
----------------------

In this study, seven divergent evolutionary lineages have been identified in *O*. *schmackeri* species complex by analyses of the mitochondrial ND2+tRNA sequences, with mean pairwise (K2P) sequence distances from 7.8% to 21.1%, except a closer genetic distance (3.4%) between Lineage C and Lineage D. The seven-clade divergence is also supported by AMOVA ([Table 1](#pone.0138757.t001){ref-type="table"}). The ND2 distances between all seven lineages are comparable to distances between other recognized amphibian and reptile sister species, which may vary from 7% to 15% \[[@pone.0138757.ref088],[@pone.0138757.ref089]\]. Additionally, isolation of 3--7 Ma and adaptation to different environmental factors can provide a favourable environment for speciation.

All together, this information suggests that these taxa represent seven good lineage-based species ([Fig 2](#pone.0138757.g002){ref-type="fig"}). Clade A includes the type locality of *O*. *huanggangensis*, so it could be called *O*. *huanggangensis* lineage. The haplotypes of *O*. *yizhangensis* from Nanling did not form a monophyletic group on gene tree or networks, instead they were nested into Clade A. The most prominent diagnostic characters of *O*. *yizhangensis* are smooth head and back, bright green colour, with irregular dark large spots; tibio-tarsal articulation reaching the tip of snout when leg stretched forward \[[@pone.0138757.ref090]\]. These putative diagnostic characters are possibly a habitat-related polymorphism, and more investigations are needed to evaluate the nature of the morphological differences. Based on our genetic analyses, we suggest that *O*. *yizhangensis* would be considered a junior synonym of *O*. *huanggangensis*. Clade B, including the type locality of *O*. *tianmuii*, could be called *O*. *tianmuii* lineage. Based on our mitochondrial analyses, the main distribution area of the currently recognized species *O*. *tianmuii* is located in the basin of the Qiantang River. Clade C, containing the type locality of *O*. *schmackeri*, could be called the true *O*. *schmackeri* lineage. So the *O*. *schmackeri sensu stricto*occupies a more narrow distribution area such as the northern Hunan and southern Hubei. Clade D-G represent four additional cryptic species occurring in the Yangtze River basin.

However, compared with the general definitions of candidate species \[[@pone.0138757.ref091]\], this speculation may be confused by the genetic admixture between lineage C and F in Funiushan Mts. (FNS) and between lineage C and G in Shennongjia Mts. (SNJ). In addition, sympatric occurrence with admixture may be caused by introgressive hybridization between closely related species, which has been documented in some anuran species \[[@pone.0138757.ref029],[@pone.0138757.ref092]\]. Additional ecological, behavioral and quantitative morphological approaches are needed so as to confirm the taxonomic delineations suggested herein.

Conservation implications {#sec023}
-------------------------

Our study has provided a means for assessing the evolutionary distinctiveness of populations of *O*. *schmackeri* species complex that may need conservation actions. Our data might be useful to establish management units (MUs) and/or evolutionary significant units (ESUs), two commonly used designations for endangered taxa \[[@pone.0138757.ref093]\]. Management units are defined by either reciprocal monophyly in mtDNA or substantial allele frequency divergence at nuclear loci; ESUs are defined by the presence of both \[[@pone.0138757.ref093]\]. Considering these criteria, the seven lineages (A-G) within *O*. *schmackeri* species complex would be considered at least MUs. These seven regional populations may represent important components in the evolutionary and adaptive structure of the species complex, and thus any conservation policy should concentrate on protecting these regional populations.

Supporting Information {#sec024}
======================

###### Summary of sample site details for *O*. *schmackeri* species complex.

For each population sampled, geographic origin, identified lineage, number of haplotypes (*h*), sample size (*N*) and coordinates (longitude/latitude) are given. Haplotype diversity (*Hd*) and nucleotide diversity (*π*) for each population with sample size \> 3 are presented.

(DOC)

###### 

Click here for additional data file.

###### Haplotypes of the mtDNA ND2+ tRNA genes for *O*. *schmackeri* species complex.

Sample size (*N*), "SH" represents shared haplotype, and the other codes are abbreviations for geographical locations corresponding to [S1 Table](#pone.0138757.s001){ref-type="supplementary-material"}.

(DOC)

###### 

Click here for additional data file.
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